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Available online 22 October 2015Neural stem cell (NSC)-based carriers have been presented as promising therapeutic tools for the treatment of
inﬁltrative brain tumors due to their intrinsic tumor homing property. They have demonstrated the ability to
migrate towards distant tumor microsatellites and effectively deliver the therapeutic payload, thus signiﬁcantly
improving survival in experimental animalmodels for brain tumor. Despite such optimistic results, the efﬁcacy of
NSC-based anti-cancer therapy has been limited due to the restricted tumor homing ability of NSCs. To examine
this issue, we investigated the mechanisms of tumor-tropic migration of an FDA-approved NSC line, HB1.F3.CD,
by performing a gene expression analysis. We identiﬁed vascular endothelial growth factor-A (VEGFA) and
membrane-boundmatrix metalloproteinase (MMP14) asmolecules whose expression are signiﬁcantly elevated
in migratory NSCs. We observed increased expression of VEGF receptor 2 (VEGFR2) in the focal adhesion
complexes of migratory NSCs, with downstream activation of VEGFR2-dependent kinases such as p-PLCγ,
p-FAK, and p-Akt, a signaling cascade reported to be required for cellular migration. In an in vivo orthotopic gli-
oma xenograft model, analysis of the migratory trail showed that NSCs maintained expression of VEGFR2 and
preferentiallymigratedwithin the perivascular space. Knockdown of VEGFR2 via shRNAs led to signiﬁcant down-
regulation ofMMP14 expression,which resulted in inhibited tumor-tropicmigration. Overall, our results suggest,
the involvement of VEGFR2-regulatedMMP14 in the tumor-tropicmigratory behavior of NSCs. Our data warrant
investigation of MMP14 as a target for enhancing the migratory properties of NSC carriers and optimizing the
delivery of therapeutic payloads to disseminated tumor burdens.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Despite recent advances in the ﬁeld of oncology, the most common
primary malignant brain tumor in adults, glioblastoma multiforme
(GBM), still carries a dismal prognosis 1. Its median survival remains
just 12–15 months (Brandes and Fiorentino, 1996; Laquintana et al.,
2009). This is mainly due to the inﬁltrative nature of GBM, which ham-
pers complete surgical resection, and the limited number of available
anticancer agents that can effectively cross the blood brain barrier
(BBB) and reach inﬁltrative tumor foci (Laquintana et al., 2009). In
this context, a novel platform of neural stem cell (NSC)-based targeted
therapy towards disseminated tumor in the brain has emerged as at of Neurosurgery, Northwestern
ersity, Chicago, Illinois, USA.
thwestern University Feinberg
nois, USA.
. This is an open access article underpromising therapeutic modality (Ahmed et al., 2010; Ahmed et al.,
2011a; Ahmed & Lesniak, 2011; Young et al., 2014; Gage & Temple,
2013; Aboody et al., 2013). NSCs are self-renewing, multipotent cells
that have the potential to differentiate into the three fundamental
types of central nervous system (CNS) cells: neurons, astrocytes, and
oligodendrocytes. Three main intrinsic properties of NSCs that make
them invaluable carriers of therapeutic payloads have so far been de-
scribed. First is their inherent tumor homing capacity, which allows
formigration of long distances throughout the brain to effectively target
diffuse tumor burdens (Aboody et al., 2000; Benedetti et al., 2000).
Second is their ability to function as targeted cell carriers (Ahmed
et al., 2011a; Ahmed et al., 2013; Aufﬁnger et al., 2013; Thaci et al.,
2012), which allows them to be genetically engineered to express in-
creased levels of therapeutic proteins (Yip et al., 2003; Shah et al.,
2005). In addition, they can be loaded with selective tumor-targeting
agents (i.e. drugs, nanoparticles, oncolytic virus), while maintaining
their tumor homing ability (Yip et al., 2003; Shah et al., 2005). Third is
their intrinsic immunosuppressive properties, which allow them to
effectively deliver therapeutic payloads to inﬁltrative tumor areasthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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et al., 2013; Mader et al., 2009; Ahmed et al., 2011b). After extensive
preclinical evaluation, the Food and Drug Administration (FDA) has
approved the use of HB1.F3.CD NSCs in a phase I clinical trial for the
treatment of recurrent high-grade gliomas (NCT01172964). HB1.F3.CD
is a human-derived NSC line that was genetically engineered to express
the suicide gene cytosine deaminase (CD), which converts the pro-drug
5-ﬂuorocytosine (5-FC) into the chemotherapy agent ﬂuorouracil
(5-FU) (Aboody et al., 2000; Aboody et al., 2006). Our laboratory has
also extensively evaluated NSCs as targeted carriers for anti-glioma
oncolytic virotherapy and demonstrated that oncolytic virus loaded
NSCs can effectively target brain tumor in the preclinical animal
model (Ahmed et al., 2011a; Ahmed et al., 2013; Ahmed et al., 2011b).
The main drawback of NSC-based anti-tumor therapies is that, de-
spite the effective tumor tropism exhibited byNSCs, only small portions
of transplanted cells can migrate towards the tumor. Several recent
publications have revealed that 70–80% tumor volume reduction can
be achieved in various orthotopic GBM xenograft models (Aboody
et al., 2006; Lee et al., 2009) even when only 20–30% of implanted
NSCs are able to effectively migrate from their implantation site to the
tumor area (Ahmed et al., 2011a; Lee et al., 2009; Zhao et al., 2008;
Jeon et al., 2008; Kim et al., 2010). Enhancing such homing capacity
will likely be one of the critical goals for the fulﬁllment of the preclinical
promise of NSC-based anti-cancer therapeutic strategies. The mecha-
nisms that guide selective tumor-tropic NSC migration are yet to be
completely understood. Recent data from our lab and others have sug-
gested that chemokines and pro-angiogenic factors produced by the
tumor microenvironment may serve as chemoattractants (Ahmed
et al., 2011a; Imitola et al., 2004). It has been shown that NSCs preferen-
tially distribute within hypoxic areas in intracranial glioma xenografts.
In addition, hypoxia inducible factor 1 alpha (HIF-1α) knockdown in
glioma cells prevented the hypoxia-induced recruitment of NSCs
(Zhao et al., 2008). This impaired migration was due to decreased vas-
cular endothelial growth factor (VEGF), stromal cell-derived factor-1
(SDF-1), and urokinase-type plasminogen activator (uPA) expression
in tumor cells (Zhao et al., 2008). It was also demonstrated that
intratumoral upregulation of VEGF induced a long-range attraction of
transplanted human NSCs from distant sites in the adult brain
(Schmidt et al., 2005). In addition to VEGF, activation of MMPs has
also been pointed as a mechanism of hypoxia-mediated NSC tropism
to malignant areas (Zhao et al., 2008; Xu et al., 2007; Lamszus et al.,
2000). Taken together, these data indicated that tumor-derive
hypoxia-inducible chemo-attractant factors play a critical role in
promoting tumor-tropic migration of NSCs. However, the downstream
signaling pathways involved in this targeted migration remain to be
elucidated. Therefore, the goal of this study is to understand why only
certain implanted NSCs possess migratory capacity. We also aim to
establish a mechanism that can be leveraged as a possible target to
enhance NSC migration and payload delivery capacity to the diffuse
tumor burdens through selective overexpression of such molecule.
Here we examined both the migratory and non-migratory fraction
of NSC populations with functional assays, both in vitro and in vivo.
Based on an array based analysis data presented here suggest MMP14
as a novel functional downstream target of VEGFA and VEGFR2
signaling, driving NSC migration and homing to targeted tumor areas.
2. Materials and methods
2.1. Cell culture and propagation
The HB1.F3.CD, a v-myc immortalized human neural stem cell
line, has been utilized in all experiments (Kim et al., 2006). The
human glioma cell lines U251, U87, and A172 were purchased from
the American Type Culture Collection (Manassas, VA, USA). Cells
were maintained in culture in Dulbecco's Modiﬁed Eagle's Medium
(DMEM) with 2 mmol/l L-glutamine (Mediatech, Manassas, VA, USA)supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals,
Lawrenceville, GA, USA) and 2% penicillin-streptomycin antibiotic
(Cellgro, Manassas, VA, USA). The patient-derived GBM43 xenografted
glioma specimens were provided by Dr. David James from the
University of California San Francisco and maintained according to the
published protocol (Kitange et al., 2009). All cell lines mentioned were
enzymatically dissociated using 0.25% trypsin/2.21 mmol/l EDTA
solution (Mediatech) and were grown at 37 °C and 5% CO2 humidiﬁed
atmospheric conditions.
2.2. Evaluation of NSC migration
To evaluate the migratory characteristics of NSCs in vitro, we used a
similar system described previously (Sonabend et al., 2008), with slight
modiﬁcations. BD Biocoat Tumor Invasion System containing BD Falcon
Fluoroblock 24-Multiwell inserts (8-μm pore size; PET membrane) was
used following the manufacturer's instructions (BD Biosciences, Bed-
ford,MA, USA). Themigration of GFP-labeled NSCswas characterized to-
wards conditioned media obtained by culturing 5 × 104 GBM43 cells in
serum-free/growth factor-free media for 24 h. The medium was added
to the bottomwell of themigration chamber to act as a chemoattractant.
NSCs were then plated in the top insert at a density of 3 × 105 cells per
well in DMEM (Mediatech, Manassan, VA) along with 5 × 104 glioma
cells in the lower chamber of the 24-well plate; the cells were kept in
these conditions for 48 h. Cells located above the migration ﬁlter were
classiﬁed as non-migratory and those just below the ﬁlter as migratory;
each group of cells was collected by using cell scrapers for subsequent
gene expression, qRT-PCR, and ﬂow cytometry analysis. The number of
migrating cells in three random ﬁelds of views per well was counted
using an Olympus IX81 inverted microscope (original objective: 20×)
and analyzed using the MetaMorph software (Olympus, Tokyo, Japan).
2.3. Western blot analysis
HB1.F3.CD cells were incubatedwith various concentrations of VEGF
recombinant protein for 30 min or with 100 ng/ml of VEGF for increas-
ing time periods. Cells were washed and harvested in 1× Phosphate
Buffered Saline (PBS; Cellgro) and subsequently lysed with lysis buffer
(M-PER Mammalian Protein Extraction Reagent; Pierce, Rockford, IL,
USA) supplementedwith 10mmol/l Protease andPhosphatase Inhibitor
cocktail (Roche, Indianapolis, IN, USA) according to the manufacturers'
instructions. Thirty μg of cell lysate per well was subjected to SDS-
PAGE electrophoresis and transferred to PVDF-membrane for immuno-
blotting (Bio-Rad, Hercules, CA, USA). Subsequently, transferred pro-
teins were labeled with anti-p-VEGFR2, p-PLCy1, p-FAK, p-Src, p-Akt,
Akt, p-ERK1/2, and p-p38 antibodies from the Angiogenesis Antibody
Sampler Kit (Cell Signaling Technology, Beverly, MA, USA) as well as
anti-human MMP-14 (Abcam, Cambridge, MA, USA). The bound anti-
bodies were visualized with enhanced chemiluminescence reagent
(Pierce, Rockford IL) and the images were acquired using a Bio-Rad
image analyzer (Bio-Rad, Hercules, CA).
2.4. shRNA technology to produce VEGFR2 and MMP14 knockdown cells
VEGFR2 and MMP14 knockdown in HB1.F3.CD cells were
established using MISSION® VEGFR2 shRNA and MMP14 shRNA
lentiviral constructs, respectively (Sigma-Aldrich, St. Louis, MO, USA).
VEGFR2 knockdown efﬁciency was conﬁrmed by Western blot analysis
and relative VEGFR2 mRNA expression in qRT-PCR.
2.5. Evaluation of VEGFR2 and MMP14 knockdown on NSCs' migration
To assess the effect of VEGFR2 andMMP14 on themigratory capacity
of HB1.F3.CD NSCs, a wound healing assay was carried out using cell
culture inserts (Ibidi, Munchen, Germany). Glioma cells were plated
on one side of the chamber and NSCs with or without the respective
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sert was removed, and 1% FBS containing culture media was added to
cover the cell patches (Mediatech). Migration analysis was determined
by measuring the average distance traveled by the cells in different
experimental conditions as compared to that of mock cells.2.6. Quantitative RT-PCR
The relative mRNA expressions of migratory versus non-migratory
NSCs as well as NSCs with shRNA-mediated knockdown of VEGFR2
were evaluated for chemoattractant receptor VEGFR2. NSCs without
knockdown of MMP14 were also analyzed for expression of MMP14
transcript levels. Total cellular RNA was isolated using the RNeasy kit
(Qiagen, Valencia, CA, USA) following the manufacturer's protocol,
and 0.5 μg of isolated mRNA was converted to cDNA by reverse
transcription using the iScript cDNA conversion kit (Bio-Rad, Hercules,
CA). Quantitative PCR was conducted using the SYBR Green qPCR kit
(Invitrogen,Waltham,MA, USA) and each NSC transcript was ampliﬁed
in triplicates; the products were analyzed using the Bio-Rad Opticon 2
software package. Relative expression was evaluated using the ΔCT
method (ΔCT = CT gene of interest− CT GAPDH); a ΔCT value of 3.33
was considered equivalent to a one-log change in gene expression. Ex-
pression data for migration and pretreatment experiments is presented
as fold changes of the linearized ΔCT (2−ΔCT) over control expression
levels.2.7. Immunohistochemistry of tissue samples
Whole brains of mice bearing tumors were dissected from the
sacriﬁcedmice and frozen in Tissue-Tek OCT (Andwin Scientiﬁc,Wood-
landHills, CA) compound in a dry ice-methylbutane bath. Frozen tissues
were cut coronally at the tumor injection site in two pieces and sec-
tioned into 10 μm thick slices placed on glass histology slides. Brain sec-
tions were dried at room temperature and then followed by a ﬁxation/
permeabilization protocol carried out with 50/50 acetone-methanol.
Sections were washed with cold PBS three times and blocked with
10% BSA for 30 min. Immunoﬂuorescence (IF) stains were applied
using primary monoclonal antibodies against VEGFR2 (1:1000,
BioLegend, clone HKDR-1, San Diego, CA, USA) and h-Nestin (1:500,
Covance, Princeton, NJ, USA), incubated overnight at 4 °C, washed
with cold PBS 3 times, and then incubated with a secondary anti-
mouse antibody for 1 h at room temperature. The slides were washed
with cold PBS 3 times, and the tissues were covered with Prolong Gold
anti-fade reagent with DAPI (Life Technologies-Invitrogen, Eugene, OR,
USA). Imageswere acquired using an inverted Axiovert200 Zeiss micro-
scope; original objective: 20× (Carl Zeiss Microscopy, Thornwood, NY).2.7.1. Flow cytometry analysis
Flow cytometry analysis was performed on migratory and non-
migratory NSCs subjected to the chamber assay. After cells were
collected, theywerewashedwith PBS one time and then stained against
VEGFR2 diluted in FACS buffer (1:50, 1% BSA and 0.01% sodium azide in
PBS) for 45min at room temperature. After washing the cells with FACS
buffer three times, they were incubated for 1 h with a secondary anti-
mouse antibody at room temperature in the dark. The cells were
washed again three times with FACS buffer and then analyzed using
the BD LSRII-Blue machine and FACSDiva software (BD Biosciences,
San Jose, CA). Analysis of the cells was presented as mean ﬂuorescent
intensity (MFI) for VEGFR2 expression.
MMP14 knockdown cells were also analyzed according to the same
protocol and stained with anti-human MMP14 antibody to observe the
knockdown efﬁciency at a protein level. The data was presented as MFI
aswell as the percentage of the total cell population expressingMMP14.2.8. PCR array analysis of gene expression
Migratory and non-migratory HB1.F3.CD cells from the migration
chamber assay were harvested, and total mRNA of each group was
isolated using Qiagen RNeasy kit. The mRNA was converted to cDNA
following the protocol provided in the User Manual for the Human
Cell Motility RT(Laquintana et al., 2009) Proﬁler™ PCR Array kit
(SABiosciences, Qiagen), and the sampleswere then applied to the actu-
al array using the Bio-RadOpticon 2 PCRmachine. This quantitative-PCR
array proﬁled the changes in expression of a set of 84 signiﬁcant
genes associated with the cell motility comparing migratory and non-
migratory NSCs. The data was analyzed accordingly with the free
on-line PCR Array Data Analysis Software provided by SABiosciences.
2.9. Animal experiments
To explore thehypoxic nichewithin the tumor, animalswere subject
to intracranial stereotactic surgery. The mice were brieﬂy anesthetized
with ketamine/xylazine (115 mg/kg, 10 mg/kg), and stereotactic injec-
tions were performed using a 10 μl Hamilton syringe (Hamilton, Reno,
NV, USA) and a 30-gauge needle. Two hundred and ﬁfty thousand
GBM43 cells were implanted in a 2.5 μl volume of PBS in the right hemi-
sphere of the brain, 2.5 mm lateral to the bregma and 3 mm deep. One
million HB1.F3.CD NSCs were implanted in the samemanner but in the
left hemisphere ﬁve days post-tumor implantation. Within 24–72 h
postNSCs' implantation, animalswere sacriﬁced; brainswere harvested
and underwent serial coronal sectioning and were applied to immuno-
histochemistry. Representative tissue pictures were captured using an
inverted Axiovert200 Zeiss microscope; original objective: 20×. (Carl
Zeiss Microscopy). All animals described were cared for according to
study-speciﬁc animal protocols approved by the University of Chicago
Institutional Animal Care and Use Committee.
2.10. Statistical analysis
Experimental data were analyzed using GraphPad Prism Software
v4.0 (GraphPad Software, San Diego, CA). Data represent the results
performed in triplicate, and all experiments were executed in a blinded
manner. One-way ANOVA and unpaired t-test were applied where ap-
plicable. Statistical signiﬁcance was deﬁned as *p b 0.05, **p b 0.01,
and ***p b 0.001.
3. Results
3.1. VEGFA and MMP14 as key regulatory genes in the migratory
population of HB1.F3.CD cells
To effectively identify migratory and non-migratory NSC
populations, we used a transwell migration assay in which glioma-
conditioned media was used as a chemo-attractant for NSCs (Fig. 1A).
The cells that migrated through the ﬁlter membrane and those that
did not were isolated and subjected to a gene expression analysis.
Two main genes were found to be upregulated in the migratory
population relative to the non-migratory cells in the presence of
glioma-conditioned media: VEGFA (4.9-fold) and MMP14 (5.33-fold)
(Fig. 1B). Relative mRNA analysis by RT-qPCR (Fig. 1C) and ﬂow
cytometry analysis (Fig. 1D) showed a signiﬁcantly increased VEGFR2
expression in the migratory population (respectively, relative mRNA:
migratory 0.76 ± 0.03 as compared to non-migratory NSCs 0.27 ±
0.01, p b 0.001***; MFI: 970 ± 3.2 to 600 ± 4.6, p b 0.01**). IF staining
of both populations also revealed signiﬁcantly higher VEGFR2 expres-
sion in the migratory population (Fig. 1E). Interestingly, most of the
VEGFR2 expressionwas localized to focal adhesion complexes of migra-
toryHB1.F3.CDNSCs (50±3.1 to 9±1.4, p b 0.001***) (Figs 1F and 1G).
Focal adhesion complexeswere deﬁned asmicrometer-scale subcellular
structures that mediate the interactions of cells with the underlying
Fig. 1.VEGFA andMMP14 as themain regulatory genes inmigratoryHB1.F3.CDNSCpopulations. (A) Experimental scheme.Migratory andnon-migratoryNSC populationswere identiﬁed
through the use of a transwell migration assay inwhich glioma-conditionedmedia was used as a chemoattractant for NSCs. (B) Bothmigratory and non-migratory NSC populationswere
isolated and subjected to a PCR array containing 84 genes related to cell migration. Graph showing the correlation between fold changes in gene expression in both populations. Red and
gray dots represent upregulated or downregulated genes with a fold change N 3, respectively. (C) RT-PCR analysis of relative mRNA expression of VEGFR2. Gene expression levels were
normalized to GAPDH, a ubiquitous control RNA. (D) VEGFR2 protein expression in bothmigratory and non-migratory NSC populations. Cells were incubated on ice with APC-conjugated
anti-VEGFR2 antibody or control IgG1 and analyzed byﬂow cytometry.MFI, geometricmean of ﬂuorescence intensity. (E) IF staining of both isolated populations for VEGFR2marker. DNA
was stainedwith DAPI. Scale bars, 23 μm. (F) Quantiﬁcation of the experiment presented in (E). Approximately 300 cellswere analyzed per condition (n=4). (G)Magniﬁed views of focal
adhesion areas inHB1.F3.CDmigratory NSCs expressingVEGFR2marker. DNAwas stainedwith DAPI. Scale bars, 100 μm. The values shown aremean±SEM. *, p b 0.05; **, p b 0.01; versus
control.
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their cytoplasmic aspects (Izzard and Lochner, 1980; Gardel et al.,
2010; Wolfenson et al., 2013; Geiger et al., 2009; Albiges-Rizo et al.,
2009; Chorev et al., 2014). They were identiﬁed based on previously
published protocols that use actin and phalloidin IF staining to identify
anchoring points to the cellular cytoskeleton (Figs 2C and 5B) (Gardel
et al., 2010; Geiger et al., 2009; Albiges-Rizo et al., 2009; Chorev et al.,
2014).
3.2. The downstream signaling of VEGF-A in migratory NSCs
Previous studies have shown that upon binding VEGF-A with its
receptor VEGFR2, receptor autophosphorylation is triggered and a
complex signal transduction network is activated that culminates in
migration, proliferation, and inhibition of apoptosis in a variety of
cells, including endothelial cells, corneal ﬁbroblasts, oligodendrocyte
precursor cells as well as cancer cells (Olsson et al., 2006; Deryugina
et al., 2002; Han et al., 2012; Hayakawa et al., 2011). To assess the kinet-
ics of VEGFR2 tyrosine phosphorylation (Tyr1175) and the activation ofits downstream signals upon VEGF-A stimulation in NSCs, wemeasured
the response to different VEGFA concentrations and durations of
exposure. Our results demonstrated a dose-dependent activation of
VEGF-A's downstream pathway. We observed the highest response
upon treatment of HB1.F3.CD NSCs with 100 ng/ml of VEGF-A, which
culminated in the up-regulation of p-VEGFR2 (Tyr1175), p-Akt, and
p-ERK (Fig. 2A). These results suggest that dose-dependent VEGFR2 ac-
tivation is transmitted downstream through MAP kinase and Akt path-
ways in our studied NSCs. Lysates of cells treated with 100 ng/ml of
VEGF-A, collected at different time-points, showed that the activation
kinetics of p-FAK (Tyr397), p-p38, and p-PCLγ1 reached its peak at
15 min (Fig. 2B, Supplementary Fig. 1). Downstream of PCLγ1, p-ERK
1/2 also achieved its peak response at 15 min. The p-Akt and the p-Src
(Tyr416), however, presented a delayed response, with their highest
activation at 30 min after VEGFA treatment. These data demonstrate
that gradient-generated changes in VEGF-A concentration are rapidly
transmitted downstream upon VEGFR2 auto-phosphorylation at
Tyr1175. Interestingly, uponVEGF-A treatment,we observed the forma-
tion of actin structures concentrated in the ﬁlopodia of HB1.F3.CD NSCs,
Fig. 2. Concentration, temporal integration of VEGF-A signal, and its downstream regulation. (A)Western blot detection of the indicated proteins in HB1.F3.CD NSCs treated with concen-
tration range (0 to 100 ng/ml) of VEGF and collected at 15 min post-treatment. (B) Western blot analysis showing time-dependent expression (0 to 90 min) of VEGFR2 downstream ki-
nases. β-actin is shown as a loading control. (C) VEGFA-induced actin cytoskeleton reorganization. HB1.F3.CD cells plated on gelatin-coated chamber slides were treated with vehicle
(mock) or were exposed to 100 ng/ml VEGFA for 6 h. Cells were ﬁxed and permeabilized, and F-actin content was detected using phalloidin conjugated with rhodamin. Coverslips
were mounted onto microscope slides and analyzed under a confocal microscope (Zeiss LSM 510). The pictures shown are representative of at least 15 different ﬁelds observed in
each experiment and of two similar independent experiments. (D) Quantiﬁcation of the percentage of migrating cells per ﬁeld in the experiment presented in (C). The values shown
are mean ± SEM. ***, p b 0.001; versus mock.
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2010; Geiger et al., 2009; Albiges-Rizo et al., 2009; Chorev et al., 2014)
(Fig. 2C, Supplementary Fig. 1). Within 15 min post-stimulation with
VEGF-A, about 50% of NSCs demonstrated actin reorganization and a
motile phenotype, represented by signiﬁcantly increased migration of
HB1.F3.CD NSCs in the transwell assay (21.3% ± 0.5 to 49.6% ± 3.1,
p b 0.001***) (Fig. 2D). Taken together, we conclude that VEGF-A
can activate cellular signaling pathways such as FAK signaling
cascade as well as promote actin ﬁlament rearrangement, known to
be associated with cell motility.
3.3. VEGFR2 knockdown in HB1.F3.CD NSCs results in loss of migratory
potential
Next, we examined the role of VEGF-A in regulating the tumor-
tropic migratory properties of NSCs by performing a wound-healing
assay with cells cultured with or without VEGF-A. We observed that
VEGF-A treatment signiﬁcantly increased the migration of NSCs in a
dose-dependent manner (50 ± 1.2 in 0 ng/ml to 160 ± 5.3 in
100 ng/ml, p b 0.01) (Fig. 3A). To characterize the effects of VEGFR2
knockdown in NSCs, we performed cell migration assays in shRNA-
VEGFR2 and shRNA-control ﬂuorescence-tagged NSCs. The shRNA-
mediated knockdown of VEGFR2 signiﬁcantly decreased VEGFR2 rela-
tive mRNA expression in NSCs (97% ± 2.1 in sh-control vs. 32% ± 2.7
in sh-VEGFR2, p b 0.01) (Fig. 3B). The sh-VEGFR2 NSCs also showed asigniﬁcant reduction in the distance traveled towards glioma cells as
compared to the control shRNA (78 ± 1.2% in sh-control vs. 38 ± 2.9%
in sh-VEGFR2, p b 0.01) (Fig. 3C and D).
3.4. HB1.F3.CD cells actively track the tumor burden in vivo and maintain
VEGFR2 expression
In order to examineVEGFR2 expression inmigratory tumor-tracking
NSCs in vivo, we utilized an orthotopic glioma xenograft model
(Fig. 4A). Five hundred thousand HB1.F3.CD-GFP+ cells were im-
planted in the contralateral hemisphere of the brains of nudemice con-
tainingU87MGgliomaxenografts established tendays earlier (2.5 × 105
cells/mouse). At 24 and 72 h after NSC implantation, mice were
sacriﬁced, and their brains were subjected to immunohistochemical
analysis. We observed that within 24 h of implantation, GFP-tagged
NSCs were able to cross the midline and migrate towards the engrafted
tumor in the contralateral hemisphere (Fig. 4B). At 72 h, GFP+ NSCs
were detected inside the primary tumor mass. IF staining of brain sec-
tions containing the migration route of implanted NSCs revealed that
migratory carriers evenly expressed high levels of both VEGFR2 and
Nestin at all three regions examined: injection site, migration route,
and peritumoral region (Fig. 4C, representative IF from 5 animals). In
addition, migratory NSCs were able to maintain high expression levels
of the stem cell-associated marker Nestin throughout their path to-
wards the tumor (Ahmed et al., 2013).
Fig. 3.HB1.F3.CD cells submitted to VEGFR2 knockdown lose theirmigration potential. (A)Wound healing assay usingHB1.F3.CDNSCs treatedwith a range of concentrations of VEFGA (0,
25, 50, 75, and 100 ng/ml) against U87 glioma cells. Representative photographs taken at 24 h post-wound (40×). Thewound closurewas quantiﬁed at 24h post-woundbymeasuring the
remaining unmigrated area using ImageJ. (B) RT-PCR analysis of relative mRNA expression of VEGFR2 in HB1.F3.CD, sh-control, and sh-VEGFR2 NSCs. Gene expression levels were
normalized to GAPDH, a ubiquitous control RNA. (C) The wound closure was quantiﬁed at 24h post-wound by measuring the remaining unmigrated area using ImageJ. The values
shown are mean ± SEM. *, p b 0.05; **, p b 0.01; ***, p b 0.001; versus control. (D) Wound-healing assay using HB1.F3.CD NSCs, sh-control, and sh-VEGFR2 ﬂuorescence-tagged NSCs
to assess the effect of VEGFR2 on the migratory capacity of NSCs towards glioma cells.
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Interaction betweenMMP14 and VEGFR2 has been previously dem-
onstrated in cancer cells (Eisenach et al., 2010). Our preliminary analy-
sis of the migratory subpopulation of NSCs revealed that both VEGF-A
and MMP14 were signiﬁcantly upregulated. Based on this, we next set
to investigate the existence of a possible link between VEGF-A and
MMP14. We ﬁrst set up a time-course treatment of NSCs using the
dose of VEGF-A established above (100 ng/ml). Lysates were collected
at 0, 15, 30, 60, and 90 min after treatment, and protein expression
was measured by Western blot analysis. We found that both VEGFR2
(Tyr1175) andMMP14 had their peak activation 30–45min after initial
therapy (Fig. 5A). We also observed a similar induction of MMP14 post-
VEGF-A stimulation by IF analysis (Fig. 5B). Next, to conﬁrm that the
high MMP14 expression was directly related to VEGF-A treatment and
VEGFR2 activation,we knocked downVEGFR2 expression in our studied
HB1.F3.CD NSCs. Pure shRNA-VEGFR2 populations and shRNA-controlswere treated with 100 ng/ml of VEGF-A for 15 min (Fig. 5C). As expect-
ed, our data revealed attenuated VEGFR2 expression and signiﬁcantly
diminished p-Akt expression in VEGFR2 knockdown cells. This ﬁnding
conﬁrms that a successful gene knockdown was accomplished, as
p-Akt is a direct downstream target of VEGFR2 andwas also signiﬁcant-
ly attenuated post-VEGFA stimulation. Moreover, we found decreased
levels of MMP14 expression in sh-VEGFR2 cells, which suggests that
MMP14 activation is controlled by and is a downstream target of
VEGFR2.
3.6. MMP14 is also required for NSC migration
To assess the importance of MMP14 within the context of NSC
migration, we knocked down the MMP14 gene in HB1.F3.CD cells
(Fig. 6A). Next, we performed a wound-healing assay using HB1.F3.CD
shRNA-control, shRNA-MMP14 #2, shRNA-MMP14 #3, and shRNA-
MMP14 #4 NSCs towards U87 glioma cells (Fig. 6B and C). The
Fig. 4. HB1.F3.CD NSCs actively track malignant areas in vivo and maintain their stemness and VEGFR2 expression during migration. (A) Experimental scheme. In vivo analysis of both
migratory and non-migratory NSC populations. Brieﬂy, 5 × 105 HB1.F3.CD-GFP+ NSCs were implanted in the contralateral hemisphere of nude mouse brains containing U87MG glioma
xenografts established 10 days earlier (2.5×105 cells/mouse). At 24 and 72 h after NSC implantation, mice were sacriﬁced and their brains were subjected to immunohistochemical anal-
ysis. (B) In vivo tumor-tropic migration of HB1.F3.CD stably expressing luciferase (Luc) gene. Bioluminescent imaging of mice after intracranial injection of HB1.F3.CD-Luc into the left
hemisphere of the mice implanted with U87 xenograft tumors on the right side (Left two panels) 7 days post implantation. (C) IF staining of the NSCs' migration path with anti-
VEGFR2 and anti-Nestin antibodies. DNA was stained with DAPI. Scale bars, 100 μm. Magniﬁed views of migratory NSCs expressing VEGFR2 and Nestin markers. Scale bars, 100 μm.
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well 200 μM away from a well that contains U87 glioma line and
wound healing assay were performed. The distance traveled by the
NSCs with different manipulations were photograph every 2 h for
24 h and the representative images shown in Fig. 6B. The percent travel
wasmeasured at 24 h as shown in Fig. 6C.We observed a signiﬁcant de-
crease in NSC migration in all shRNA-MMP14 groups (43 ± 3.4 in
shRNA-control, 11 ± 1.3 in shRNA-MMP14 #2, 38 ± 3.9 in shRNA-
MMP14 #3 and 19 ± 2.2 in shRNA-MMP14 #4), with shRNA-MMP14
#2 expressing the lowest migration rate. These data suggest that
downstream activation of MMP14 is a required step for optimal NSC
migration towards neoplastic areas.
4. Discussion
The role of NSCs as therapeutic carriers against malignant brain
tumors has been widely studied and well established (Aboody et al.,
2000; Ahmed et al., 2013; Aufﬁnger et al., 2013; Thaci et al., 2012;
Ahmed et al., 2011b). Due to their safety proﬁle, inherent tumor-tropism, and immunosuppressive properties, HB1.F3.CD NSCs are con-
sidered one of the optimal carriers for anti-cancer therapeutics and
have recently entered a phase I clinical trial for patients with recurrent
malignant gliomas (NCT01172964). However, the major obstacle for
the clinical application of NSC-based anti-cancer therapies is only a
small fraction of carrier cells that possess tumor-tropicmigratory capac-
ities in preclinical animal models (Ahmed et al., 2011a; Lee et al., 2009;
Zhao et al., 2008; Jeon et al., 2008; Kim et al., 2010). Here, our main goal
is to understand why some NSCs can effectively migrate and deliver
their therapeutic payload to targeted tumor areas while others are
not. To better comprehend this process, we examined both migratory
and non-migratory NSC populations in vitro and in vivo. We closely
assessed their mechanism and route of migration, and through gene ex-
pression analysis we identiﬁed two essential genes were driving this
process: VEGF-A and MMP14.
Recent research suggests that NSCs' tropism towards neoplastic
areas is driven by chemoattractants produced at the tumor site. The
intratumoral hypoxic microenvironment activates SDF-1/CXCR4 and
VEGF/VEGFR signaling pathways, which may act as downstream
Fig. 5.MMP14 as a novel downstream target of VEGFA in HB1.F3.CD NSCs. (A) Time-course treatment of NSCs using the established VEGFA dose of 100 ng/ml. Lysates were collected at 0,
15, 30, 60, and 90 min after treatment, and protein expression was measured by Western blotting. (B) IF staining of HB1.F3.CD cells treated with 100 ng/ml of VEGFA for 15 min and
untreated controls; anti-human MMP14 (FITC), anti-human phalloidin (APC); DNA was stained with DAPI. (C) Western blot analysis showing the expression of VEGFR2 downstream
kinases in sh-control and sh-VEGFR2 HB1.F3.CD NSCs. β-actin is shown as a loading control.
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Ingraham et al., 2011; Rosova et al., 2008; Liu et al., 2010). We found
that VEGFR2 expression was critical for the tumor-tropic migratory
properties of HB1.F3.CD NSCs. Further analysis showed that the highest
VEGFR2 expression was concentrated at focal adhesion complexes and
ﬁlopodia of migratory cells. This suggests that VEGF-A-mediated cyto-
skeletal reorganization is present in our studied migratory population.
These data are in line with previously published studies that show
VEGFA-mediated actin reorganization and ﬁlopodia formation inFig. 6.MMP14 is required for tumor tropic migration HB1.F3.CDNSCs. (A) RT-PCR analysis of re
and three different MMP14 shRNA (#2, #3, and #4). Gene expression levels were normalized t
sh-MMP14 #2, sh-MMP14 #3, and sh-MMP14 #4 NSCs against U87 glioma cells. Representativ
present in (B)was quantiﬁed 24h post-woundbymeasuring the remaining unmigrated area us
control.migratory endothelial and oligodendrocyte precursor cells
(Laquintana et al., 2009; Hayakawa et al., 2011; Rousseau et al., 1997).
We further assessed the activation of VEGF-A downstreampathways
in our migratory NSCs and their collective role in NSC migration. First,
we observed VEGF-A-mediated phosphorylation and activation of
VEGF-A's binding site, p-VEGFR2 (Tyr1175). Previous publications
described Tyr1175 as being responsible for linking VEGF-A receptor
phosphorylation to signal transduction. PLCγ, an upstream kinase that
requires Src binding for its activation, was shown to bind thelative mRNA expression ofMMP14 (left) andMMP15 (right) in HB1.F3.CDwith sh-control
o GAPDH, a ubiquitous control RNA. (B)Wound healing assay using HB1.F3.CD sh-control,
e photographs taken at 24 h post-wound (40×). (C) The wound closure in the experiment
ing ImageJ. The values shown aremean±SEM. *, p b 0.05; **, p b 0.01; ***, p b 0.001; versus
606 N.G. Alexiades et al. / Stem Cell Research 15 (2015) 598–607intracellular domain of VEGFR2, leading to activation of theMAP kinase
ERK1/2 signaling pathway. PLCγ and ERK1/2 activation lead to
podosome formation, cell migration, and proliferation (Lee et al.,
2009; Takeuchi et al., 2007). Similarly, our results indicated down-
stream activation of Src, PLCγ1, and MAP kinase ERK1/2 upon VEGF-A
stimulation. We additionally noted high levels of activated p38 in mi-
gratory NSCs upon VEGF-A treatment. This ﬁnding is consistent with
previously published materials that point to VEGF-induced activation
of p38 and ERK1/2 as a possible mechanism of focal adhesion and
podosome formation in migratory cells (Rousseau et al., 1997). We fur-
ther observed downstream activation of Akt in migratory cells, achiev-
ing its peak 30 min after VEGF-A stimulation. Similarly, other
publications have demonstrated a VEGF-mediated activation of Akt, a
kinase pathway linked to increased migration and inhibition of apopto-
sis in endothelial cells (Deryugina et al., 2002; Morales-Ruiz et al.,
2000). Lastly, we also detected strong FAK activation in migratory
NSCs. In agreement with our results, Src was previously shown to bind
FAK, leading to increased migration of both oligodendrocyte precursors
and endothelial cells. In addition, FAK has been shown to regulate focal
adhesion turnover during cell migration and to regulate cell survival
(Ilic et al., 2004). Previously published mechanisms of VEGF-mediated
downstream pathway activation have been described in endothelial
cells, corneal ﬁbroblasts, oligodendrocyte precursor cells, and cancer
cells (Olsson et al., 2006; Deryugina et al., 2002; Han et al., 2012;
Hayakawa et al., 2011). Our results suggest that VEGF-A-dependent
downstream activation of PLCγ1, Akt, and FAK in NSCs may be directly
related to cytoskeletal reorganization, podosome formation, and cell
migration. This explains our observation of increased VEGFR2 expres-
sion in focal adhesion areas of migratory NSCs. This mechanism high-
lights the upstream signaling pathways that are likely driving the
observed differential migratory capacities in NSCs expressing higher
levels of VEGFR2.
We next studied the role of MMP14 in NSCs' targeted migration to-
wards diffuse tumor foci. We found that MMP14 was required for NSC
migration and that its expression is dependent on VEGFR2 activation
in migratory NSCs. Knockdown of VEGFR2 completely blocked MMP14
expression and signiﬁcantly impaired migration of HB1.F3.CD NSCs.
We have thus demonstrated, for the ﬁrst time, that MMP14 is a possible
downstream target of activated VEGFR2 inmigratory NSCs. This ﬁnding
is in agreement with previously published data demonstrating de-
creasedMMP14 activity inhibited themigration of human bonemarrow
MSCs (Malinowski et al., 2012). The same study also revealed that
MMP14 overexpression had the capacity to restore MSC migration. Ad-
ditional reports observedVEGF-inducedMMPactivation and extracellu-
lar matrix degradation in endothelial cells (Laquintana et al., 2009).
Interestingly, several other studies indicated that a reverse pathway
was present in malignant cells, including malignant glioma and breast
cancermodels,whereMMP14was noted to regulate VEGF-A expression
through a complexwith VEGFR2 and Src, leading to increased xenograft
growth and tumor-related angiogenesis (Deryugina et al., 2002). Thus,
it is conceivable that in the NSC line the autocrine upregulation of
MMP14, mediated by VEGFA/VEGFR2 signaling, is responsible for
targeted NSC migration towards malignant areas. Much interest has
been placed on various niches that may populate the landscape of ma-
lignant gliomas and represent distinct tumor microenvironments,
among them hypoxic regions that have been shown to secrete higher
levels of VEGF-A and, in turn, attractmigratoryNSCs. Therefore, it is pos-
sible that constant VEGF-A expression may also activate intrinsic
VEGFR2 activity in migratory cells in an autocrine manner. This leads
to downstreamMMP14 expression, remodeling of extracellular matrix,
and increased directionalmigration of carrier cells to areas of pathology.
This is an important ﬁnding since a consistent activation of MMP14
would enhance the directional migration of NSC carriers towards inﬁl-
trative tumor foci andwould also increase the overall number of carriers
that effectively reach and distribute within the malignant area. Such
funding provides us the rational of modifying the NSC-based cell carrierto overexpress the molecule like MMP14 to enhance their tumor
homing capacity.
Numerous groups have shown that in order to serve as viable cell
carriers, NSCs must retain their selective tumor-tropic properties,
long-term survival capability, and the ability to successfully reach the
targeted tissue into which they distribute their payload (Aboody et al.,
2000; Ahmed et al., 2011a; Ahmed et al., 2013; Carney and Shah,
2011). Data presented in this report indicate that within 72 h of implan-
tation HB1.F3.CD NSC carriers were able to migrate to the contralateral
cerebral hemisphere and effectively home to the tumor bed. Analysis of
both migratory and non-migratory NSC populations revealed that mi-
gratory NSCs consistently expressed high levels of VEGFR2 and Nestin
throughout the entirety of their migratory path. These ﬁndings are in
keeping with previous reports that show that migratory NSCs survive
and possibly maintain their stemness during the migration, further
supporting their utility as robust cell carriers (Ahmed et al., 2011a;
Aboody et al., 2000; Ahmed et al., 2013; Aboody et al., 2006).
5. Conclusion
Our results indicate that functional MMP14 expression is required
for tumor-tropic migration of the NSC carriers. We also present
MMP14 as a possible downstream target for VEGFR2 in the migratory
NSCs. This suggests that the VEGFR2 downstream signaling activation
could be a contributory mechanism underlying the increased motility
of migratory NSCs. Thus, MMP14 modulation may constitute a novel
target to enhance migration and delivery capacity of NSCs to targeted
disease areas, allowing for future improvements in the therapeutic efﬁ-
cacy of these delivery vehicles and augmentation of their translational
potential.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scr.2015.10.005.
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